It is shown that pieces of sheet gold, copper, silver, or platinum may be made red hot or even melted by exposing them to active nitrogen produced in a low-pressure discharge. The nitrogen gives up its energy to the metal, which remains unacted on.
Experiments will now be described which show th at a surprising amount of energy can be collected from nitrogen which has been made active in a low-pressure electrodeless discharge. This quantity of energy is very large compared with the energy of the after-glow light and can only be accounted for with difficulty if it is attributed to dissociation with the accepted value of 7-34 V energy. It becomes necessary to make the extreme supposition of 100 % dissociation, and even this hardly suffices.
I have observed th at pieces of metal sheet hung up in a large discharge vessel in which nitrogen was made active by the electrodeless discharge at, say, 0-3 mm. pressure, will become red hot, and even melt and run down. The arrangement shown in figure 1 is convenient for exhibiting this effect. A large bottle is provided, with a side entry for exhaustion and admission of gas, and a stopper from which the specimen can hang, using preferably a hard glass or silica hook. At the bottom of the bottle is a coil for exciting the electrodeless discharge, and the specimen hangs high above it, so as to be far from the ring discharge. If any difficulty is experienced in getting [ 16 ] the action to start, the coil may be raised so as to bring the discharge closer for a moment, but this is usually unnecessary. The gas is made active and diffuses to the metal, when it gives up its energy in reverting to the normal condition. A piece of sheet gold or silver 1 cm. square may readily be got hot enough to melt and run down. Under suitable conditions it can be observed that the luminosity in the gas is diminished in the neighbourhood of the hot metal. The metals gold, silver and platinum will all do this without tarnish of the surface. Gold and silver can readily be melted. They appear to be some what more active than platinum. Copper, if ini tially oxidized, becomes clean and has on occasion been melted. The surface of a compact rolled sheet of copper after it has been made red hot in this way, becomes red and spongy, like an elec trolytic deposit, but can be made compact and lustrous again by burnishing.
Comparisons of different metals have been made by hanging two strips side by side, so th at they were exposed in a manner strictly compar able. Often one of the met als would become incan descent while the other remained dark. This was due to " hang fire", and nothing could be inferred until both strips were visibly red hot. Attending to this condition, the result of a series of com parisons was to place the metals in the following order of brightness: gold, copper, silver, platinum. Under comparable conditions the earlier in the list always becomes brighter than the later.
Iron and nickel have both been observed to become incandescent in active nitrogen. These metals become covered with a black coating. Most attention has been given to nickel. This metal easily gets red hot, but be comes duller after a time, presumably owing to the protective action of the coating, and cannot then be started again after cooling.
There is sometimes difficulty in getting the action to start. The main secret is to have the surface quite clean. Gold and platinum are best cleaned by chromic acid and distilled water, followed by ignition in a spirit flame. After a specimen of noble metal has glowed once, it will usually do so again on restarting the discharge after an interval. If the specimen is hung up by a clean platinum wire, say 0-15 mm. diameter, the wire starts glowing and Vol. 176. A. the action is communicated to the metal foil hung from it, no doubt by the local heating. Or the platinum may be heated electrically to start the action, the heating current being switched off afterwards. These devices are useful when the supply of active nitrogen is restricted. When there is free diffusion from a discharge in the same vessel they are scarcely necessary.
The chemical action on metals like iron and nickel has not yet been successfully examined. Presumably the black coating consists of nitride, as in the cases of zinc, mercury and other metals (Strutt 1913, p. 542) .
In. the present case, the volume of nitrogen absorbed is small, and the ammonia reaction has not been obtained from it. But the formation of a black coating is definite and indeed striking.
In case of metals which remain bright, the action may clearly be regarded as catalytic, the active nitrogen being converted and giving up its energy by a process which occurs at the metal surface. The effect can be taken advantage of to investigate the energy liberated.* Gold was selected as the most active metal, or at any rate the most active of those which remain bright.
In the original form of experiment, in which the metal is hung up in the discharge vessel though away from the discharge, it is not practicable to determine how much of the gas is transformed per second. The same gas is repeatedly activated and deactivated as it diffuses from the discharge and back again. For quantitative work it is necessary to have a determinate stream of gas exposed to the action of the gold, which cannot get back to the activating discharge. This is not so easily realized as was at first supposed, and many early experiments had to be discarded for this reason. A thorough investigation of the point was made before the final experiment was designed.
Suppose th at a stream of nitrogen passes at low pressure from discharge * W illey (1927) has observed th a t cop p er a n d o th e r m e tals becom e slig h tly w arm in a stre a m of ac tiv e n itro g en , a n d h as ap p lied th is to q u a n tita tiv e en erg y m e a su re m e n ts ; b u t th e energy collected from a given q u a n tity o f n itro g e n in his ex p erim en ts w as co m p arativ ely v ery sm all; o f th e o rd er o f a th o u s a n d th p a r t o f t h a t here o b ta in ed . H is ex p erim en ts w ere m ade a t a m uch higher gas pressure.
vessel A to an after-glow vessel B through a connecting tube (figure 2); we have to consider what conditions the length and diameter of the tube must satisfy to prevent the gas in B after deactivation from diffusing back to A and getting activated a second time. This question may be attacked theoretically or experimentally.
Beginning with the theoretical discussion we make use of Einstein's result (Einstein 1905, p. 559) th a t the distance of mean square th at a gaseous particle is carried by diffusion in time t is where D is the coefficient of diffusion. We are concerned, however, not with the distance of mean square, but with the greatest distance reached by any appreciable percentage of particles. This is of course indefinite, but not more so than the question itself, as formulated above. If this distance is we may take n = 2, which should leave only 5 % of all particles outstanding, or 2-4, which should leave less than 1 % outstanding. The few th at get farther are of no practical importance for our purpose.
If diffusion is occurring in the face of a gas stream of velocity u, the net distance travelled in time t is n *J{2Dt) -ut, and this will be a maximum if
and the greatest distance, l, which a particle can penetrate upstream is given by
if D0 is the coefficient of diffusion of active nitrogen into ordinary nitrogen, or into itself, at atmospheric pressure, and is the (low) pressure in mm. of mercury.
If v is the volume of gas taken in per second at atmospheric pressure, then the expanded volume is v x 760 so that if d is the diameter of the tube
consequently the necessary length of tube is given by
We do not know the value of D0, but from comparison of known coefficients in other cases, a value of 0-2 may be assumed. If D0 = 0-2, and n -2-4, a = 0-45 and
To investigate the question experimentally the general arrangement of figure 2 was used, but the downstream vessel B was used for the discharge, and the vessel A Avas used to observe whether or not the glowing gas had been able to diffuse back against the stream. If a glow appeared in A , then it followed either th at the length of the connecting tube was too short, or th at the linear velocity of the gas was too small.
The vessels A and B were 5 1. flasks, and in different experiments tubes of 1, T5, 2 and 3 cm. bore, and from 10 to 50 cm. in length, were used to connect them. At each set up, the rate of intake was varied by means of the porous tube valve to be presently described. Below a certain rate of intake the glow was perceptible in the vessel A , and a t lower intakes still it became conspicuous. Nothing would be gained by describing these tests in further detail. They are summed up by saying th at within the limits of experimental error the condition for no glow in A was found to be v> d2/l.
That the numerical coefficient of the expression on the right is unity is of course a coincidence.
Thus there is agreement between the theoretical and experimental criterion, as regards the order of magnitude, which is all th at can be aimed a t : for we have no definite measurement of the coefficient of diffusion used in the calculation, or of the minimum amount of back diffusion observable in the experiment. The criterion determined by experiment, which is the more severe, requiring a tube about twice as long, or a larger admission of gas, has always been adopted in practice.
The nitrogen used was taken from a commercial cylinder with a pressure regulator (Beard's pattern) and thence through a red hot silica tube 35 cm. long and 4 cm. diameter filled with iron wire of No. 30 s.w.g. The gas then passed over phosphorus pentoxide, and in some cases it passed through a trap cooled with liquid air: but this latter made no observable difference, and was usually omitted. To regulate the stream, on passage from atm o spheric pressure to low pressure, it passed by diffusion through the walls of a porous tube (clay tobacco pipe stem) which could be shortened at pleasure by partially immersing it in mercury (Wansbrough Jones 1930, p. 533). The porous tube was graduated in centimetres, and the rate of intake at each mark was determined by preliminary calibration, taking the gas in from a graduated vessel. This porous tube arrangement was found more dependable than various forms of needle valve that were tried.
In the definitive experiments, the discharge vessel was sometimes a bulb of 250 c.c. capacity, sometimes a cylinder of glass 8 cm. long and 4-7 cm. internal diameter (figure 3). In either case the exciting coil consisted of six turns of wire. An air blast kept down the heat of the discharge, which was considerable. The observation vessel was a glass bulb of 500 c.c. capacity, and the gold specimen was supported in the middle of it by a thin piece of platinum wire. If necessary the platinum wire could be heated by a current to start the action. The current was then discontinued.
The gold could readily be withdrawn for cleaning or alteration. It some times became amalgamated during the intervals when it was standing idle, taking mercury vapour from the pump or the gauge. This was found to be a sign that it was in good condition, but the action seemed rather capricious. If amalgamation had occurred, the mercury was quickly driven off by the heat generated, when the experiment was started.
The connexion between the discharge vessel and the observation vessel was by standard ground joints, which made it easy to vary the length of connexion by putting in a supplementary piece.
A side opening from the observation vessel was connected to a McLeod gauge, and the bottom opening was connected through a tube containing copper gauze to a two-stage mercury vapour pump backed by a mechanical pump. The copper gauze destroyed any remaining active nitrogen and protected the mercury pump from being fouled by it. The pressure was from 0-3 to 0-6 mm. in different experiments, and the opening between the two vessels wras wide enough to make the pressure in the discharge vessel nearly the same even when the flow was in progress.
The temperature of the gold was indicated by readings with an optical pyrometer. As will be explained, nothing depends on the absolute value of these temperatures.
On starting the discharge there was usually some ''hang fire" or delay before the gold came into action, and a bright after-glow was seen in the bulb round the gold, and in the tube leading to the pump. As soon as the gold warmed up to its work, the glow was diminished to a fraction of its original intensity.
To interpret the results quantitatively we require the energy which is dissipated by a square centimetre of gold a t the brightness observed by the optical pyrometer in the nitrogen work, and this was determined in each case by an independent experiment, in which a strip of gold was heated elec trically. The arrangement is shown in figure 4. The strip cut from a gold sheet 0-1 mm. thick, had two gold wires of 0-08 mm. diameter welded to it near the middle. They came away at right angles to the strip, both from the same edge, and this distance apart was measured as 0*673 cm. The breadth of the strip in this region was 0*09 cm. The wires served as potential electrodes. The strip itself was held between clamps 5*5 cm. apart, through which the current was led in. The clamps and connexions passed out through an ebonite base plate. A bell jar covered them, all being made airtight with plasticene. The pressure was reduced to th at used in the nitrogen experiment which it was desired to imitate, so as to have the same convective loss. I t was found, however, th at within the range of 0-3-0-6 mm. used, the variation was insensible, so th at provided th at a pressure was used within this range, it was useless to refine further.
The heating current was taken from a source of low voltage (4 V) which diminished the risk of accidental burning out.
The potential drop was measured on a unipivot millivolt meter of high resistance. The area contained between the potential electrodes counting both sides of the strip is 2 x 0-099 x 0-673 sq. cm. or 0-1332 sq. cm.
Example. W ith a gas pressure of 0-4 mm. the reading of 780° C on the pyrometer was attained with 11*2 amp. and 64 mV dropped. This makes the energy emitted 0-717 W. Another test at 0-6 mm. gave 0-712 W. Mean 0-715 W; or per square centimetre of gold 4-75 W.
The temperatures given are not the actual temperatures of the strip, which is not of course a full radiator. They are " brightness tem peratures" . The actual temperatures are of no importance for our purpose. The pyro meter is merely used as an indicator to show th at the gold strip used in the energy measurement is a t the same temperature as was the gold specimen when caused to glow by the nitrogen reaction. Even if the scale of the pyrometer were perfectly arbitrary this would be attained, assuming merely th at the instrument behaved with consistency.
Before passing to the quantitative results, we note th at 2-0 8-22
34-3 7-84
In the above table the first column gives the length of the channel, 2 cm. diameter, separating the discharge vessel and the vessel in which the gold is hung.
The intake, given in column 3, is measured in c.c. per second a t atm o spheric pressure.
The fifth column gives the dissipation of energy per square centimetre, corresponding to the pyrometer reading, as determined by the auxiliary experiment. The sixth column gives the total area of the gold, both sides included.
The last column shows what the average excitation of each molecule must be at the least to account for the energy extracted from the gas in th a t particular experiment. These values are not uniform. For that, it would be necessary th at every molecule should be fully excited, and should give up its energy to the gold; and the nature of the arrangement does not lead us to expect that this would be realized. Perhaps it may be suggested th at only the highest values were significant, or worth recording. I have thought it best to give all the satisfactory experiments which have been made, so as to allow a broader judgement of the general tenor of the investigation.
I t is found th at the temperature attained by the gold is in general less the longer the connecting tube. If the connecting tube is very short, this may be explained by back diffusion and repeated activation of the gas, as in the case of stationary gas in a closed vessel. In the above experiments the criterion which has been laid down for the prevention of back diffusion has always been satisfied, though not always by a large margin, and it is believed that this effect does not enter to any appreciable extent. In a long channel the gas loses energy before it reaches the gold when the energy remaining in it is largely (but not completely) given up. I t will be observed th a t the energy collected is in all cases of the same order of magnitude as th at calculated on the basis of complete dissociation, and in some cases exceeds it.
Even if the gas is completely dissociated when it leaves the discharge, some recombination must almost certainly occur on the surface and in the volume of the connecting tube apart from what occurs on the gold. And, moreover, the gold certainly does not collect the whole of what remains; for though the gas glow is very much reduced when the gold gets hot and comes into action, yet the gas is still perceptibly glowing when it leaves the observation vessel. It appears therefore very difficult to admit th a t the energy can be accounted for as dissociation energy, at any rate if the value of 7-34 V is adhered to (Hertzberg and Sponer 1934) .
The gold in the experiment first quoted in detail is emitting 9*5 W of energy. This, a t the point of maximum luminosity of the spectrum (and the after-glow spectrum has its intensity concentrated near this point) would yield 475 candle power; the luminous after-glow in the gas which would be obtained in a large vessel in the absence of the gold is only a fraction of a candle, and is therefore of quite a different order of magnitude.
Nevertheless, the two things are intimately connected. The luminosity of the active nitrogen falls to a marked extent when the gold comes into operation. As already explained this is seen when the action of the gold " hangs fire " . Alternatively the gold may be removed from a large observa tion vessel by a winch mechanism worked from outside, and the after-glow light in the vessel then becomes much brighter, and the increase may be determined. There are, however, technical difficulties about carrying this out satisfactorily. For quantitative comparison it is probably better to rely on the results of the first paper of this series.
I t was then found th at with the best excitation attainable, the integrated light emitted by 1 c.c. (measured at atmospheric pressure) was 3-18 candle sec., or, using the mechanical equivalent of light, 3-18 x 2-02 x 105 ergs or 6*45 x 105 ergs.
Comparing this with the 4*50 x 108 ergs collected by means of gold we see th at the after-glow light represents not more than 1-4 x 10-3 of the whole amount of energy present, a quite insignificant fraction.
The recognition of this fact must lead us to regard the whole complex of phenomena in rather a different light from th at which has been usual hitherto. I t was the visual phenomena that led to the recognition th at nitrogen in a special state was present, and th a t appreciable percentage concentrations were chemically active. I t now appears th a t the luminous phenomena are very subordinate from an energy point of view, and th a t only a small percentage of all the active material can be concerned in them. In other words, they are now regarded as a by-product of the main processes.
We must now recognize th a t under no circumstances actually realized is the luminous emission an essential part of the main change in progress. I t is still possible and indeed probable th at it indirectly measures the rate of transformation in progress in the volume of the gas. This is the implicit assumption which has generally been made by previous writers, including myself, and it is the working hypothesis of the first paper of this series. However, now th at it is established th a t the luminous emission accounts for very little of the energy transformation, a certain reserve becomes necessary.
We have no readily available index of what is going on in the volume of the gas except the luminous phenomena, and since these account for very little of the energy, what becomes of the rest is a m atter in which there m ust a t present be some element of conjecture.
We cannot make any progress without assuming qualitatively th at bright after-glow and high-energy content go together, and there is ample reason for assuming so much. I t is only when there is bright after-glow th a t we can visibly extract energy by introducing gold and making it red hot thereby: the brightest glows are only obtained immediately after the excitation by powerful discharges, and they progressively diminish with time, obviously because the energy in the gas is dissipated: and, most conclusive of all, the gaseous glow is extinguished when the gold comes into action and removes the energy.
The question which presses for answer is what becomes of the bulk of the energy, since it is not accounted for by the after-glow. Is it dissipated in the volume or at the surface of the vessel, acting like a gold surface, but less efficiently ?
This certainly does happen to some extent, and it is only in vessels with specially treated walls that the gas in its special state (always recognized by its capacity to emit after-glow) will keep for an hour or more (Rayleigh I935)-But what would happen if we were able to remove the nitrogen from the action of the walls altogether, as, for example, by increasing the size of the walls indefinitely, or if we imagined th at the action occurred under the kind of condition found in the gaseous nebulae or in the upper atmosphere? Would the integrated amount of light be increased 500 times? I cannot think so. Experiments made to compare the law of decay of bulbs coated (a) with phosphoric acid and (6) with apiezon oil, showed th at although the glow lasted very much longer in the former, yet the decay in the early stages was nearly the same in both, and it is in these early stages th a t the greater part of the emission of light occurs, and therefore, according to our assumption, most of the energy is dissipated. I consider it practically certain therefore th at there must be large dissipation occurring in the gas space without emission in the visible or photographic infra-red regions of the spectrum.
In conclusion, I wish to thank my assistant, Mr R. Thompson, for efficient help with the experiments, and Professor S. Chapman, F.R.S., who has kindly checked the theoretical reasoning.
